Surface coating facilities are major sources of volatile organic compounds (VOCs) in urban areas. These VOCs can contribute to ground-level ozone formation, and many are hazardous air pollutants (HAPs), including xylene, ethylbenzene, and toluene. This project was conducted in order to provide information for updating the Texas Commission on Environmental Quality (TCEQ), USA, permit by rule for Surface Coating Facilities. Project objectives were: 1) To develop a database of information regarding surface coating facilities in Texas; 2) To estimate maximum emission rates for various VOC species from surface coating facilities in Texas; 3) To conduct dispersion modeling to estimate off-site impacts from surface coating facilities. The database was developed using 286 TCEQ permit files authorizing surface coating facilities in Texas during 2006 and 2007. The database was designed to include information important for estimating emission rates, and for using as inputs to the dispersion model. Hourly and annual emissions of volatile organic compounds (VOCs), particulate matter (PM), and exempt solvents (ES) were calculated for each permitted entity/ company in the database, according to equations given by TCEQ. Dispersion modeling was then conducted for 3 facility configurations (worst-case stack height, good practice stack height, and fugitive emissions), for urban and rural dispersion parameters, for 8-hour and 24-hour operating scenarios, and for 1-hour, 24-hour, and annual averaging times, for a total of 36 scenarios. The highest modeled concentrations were for the worst-case stack height, rural dispersion parameters, 24-hour operation scenario, and 1-hour averaging time. 108 specific chemical species, which are components of surface coatings, were identified as candidates for further health impacts review.
Several studies have evaluated the contribution of surface coating facilities to regional emission inventories [8] [9] [10] [11] . In addition, a number of studies have examined methods of reducing emissions from surface coating facilities [6, [12] [13] [14] [15] [16] [17] . Wadden et al. (1995) estimated VOC emissions for a sheetfed offset printing facility [18] . McCarthy and Senser (2006) developed a numerical model for paint transfer and deposition in electrostatic air sprays [19] . No previous work, to our knowledge, has developed a comprehensive database to characterize surface coating facilities or conducted dispersion modeling to systematically characterize off-site impacts.
The work was performed for the Texas Commission on Environmental Quality (TCEQ), in order to provide information for updating the TCEQ permit by rule for Surface Coating Facilities. Project objectives were:
1) To develop a database of information regarding surface coating facilities in Texas;
2) To estimate maximum emission rates for various VOC species from surface coating facilities in Texas;
3) To conduct dispersion modeling to estimate off-site impacts from surface coating facilities.
Methodology

Development of Surface Coating Facilities Database
Data was collected from almost 300 TCEQ permit files authorizing surface coating facilities in Texas during 2006 and 2007. Surface coating permits by rule (PBRs) and new source review permits (NSRs) were reviewed for projects that were completed between 9/1/06 and 8/31/07. This period was chosen as a fairly recent time, but one which would allow permit files to be complete/ closed. Projects were retained in the database that involved actual surface coating of items; projects involving abrasive blast alone, manufacture of coatings, making objects from a mold but not surface coating them, and printing alone were not included. The final databases thus contained 190 PBRs and 96 NSRs, for a total of 286 permits. The database included physical specifications of the surface coating facilities (stack parameters and building dimensions); facility location information; hours of operation; spray, drying, and air pollution control technology information; and coatings information (amount and type of coatings used, coating composition). The database was designed to include information important for estimating emission rates, and for using as inputs to the dispersion model.
Estimation of Maximum VOC Emission Rates
Emissions were calculated for each permitted entity/ company in the database. Hourly and annual emissions were calculated for volatile organic compounds (VOCs), particulate matter (PM), and exempt solvents (ES), according to equations given by TCEQ in "Painting Basics and Emission Calculations for TCEQ Air Quality Permit Applications" [20] . PM and ES were included, since some emissions from surface coating facilities occur in the form of particulates or solvent which are organics but have been excluded from the regulatory definition of VOCs. Emissions calculations accounted for transfer efficiency, overspray filter efficiency, PM fallout, and solvent flash off, as appropriate.
Dispersion Modeling
To estimate surface coating facility off-site impacts, dispersion modeling was conducted using the Gaussian dispersion model ISCST3 (ISC-AERMOD View, Lakes Environmental Version 5.1). Inputs to ISCST3 are discussed below.
Source Information
Three emission configurations were modeled, as listed in Table 1 . These configurations were based on an evaluation of information contained in the database, as will be discussed later. All sources were co-located at the origin of radial receptor grid (0, 0), to provide a worst-case scenario. The stacks were modeled as point sources exiting vertically, with velocity 53 ft/sec and ambient temperature, based on information from the database. BPIP (Building Profile Input Program) was run to account for building downwash for the worst-case stack.
Fugitive emissions were modeled as 5 circular area sources, 25' in diameter at heights of 5', 10', 15', 20', and 25'. All 5 circular area sources were modeled simultaneously, to represent emissions emanating from building doors, windows, and other openings of various heights. Information about specific locations and dimensions of building doors, windows, and other openings was not available in the permit files. The fugitive scenario was also used to represent outdoor facilities.
An emission rate of 1 lb/hr was used for each source. 
Receptor Grid/Terrain Elevations
 Receptor locations were based on an origin of (0, 0).  Receptors were located in radials from 0˚ to 350˚ at 10˚ increments.  The spacing of receptors in the radial direction was 100 feet (30.5 m).  The extent of the receptors was from 100 -1000 feet (30.5 m to 304.8 m).  The elevation of the receptors was set to 0 meters.
Other Model Options
 1-hour and annual averaging times were used to facilitate comparison with TCEQ short-term and longterm Effects Screening Levels (ESLs), respectively. A 24-hour averaging time was also modeled.  Regulatory default mode was used.  Runs were conducted using rural and urban dispersion parameters.  It was assumed that no significant removal occurs due to wet deposition, dry deposition, chemical reaction (exponential decay), or gravitational setting.  The PLOTFILE option was selected for each source group and averaging times.
Results and Discussion
Summary of Surface Coating Facility Characterization Data
As mentioned above, the database included 286 surface coating facility permits. The number of values for various parameters varied, since some permits contained incomplete data. This section summarizes surface coating facility information collected from the database. Figures 1-6 summarize stack flow rate, diameter, velocity, height, temperature, and stack height-to-building height ratio values. The n value in parentheses after each figure caption indicates the number of values of that parameter that were found in the database, and used to create the histogram. Verbal summaries of the stack parameter have stacks in the >2 -3 foot range, with around 20% of stacks falling in each of the 0 -1, >1 -2, and >3 -4 foot categories. 83% of the stacks have diameters 1 foot or greater. /min in the middle of the category, along with a 1 foot diameter stack, gives a calculated velocity of 53 ft/sec, which is within the histogram peak for stack velocity.
Stack Parameters
92% of the facilities had a stack height/building height ratio of 1.2. Thus, a stack height/building height ratio of 1.2 seems to be a worst case that is reasonably likely to occur. Since the building height was chosen to be 25', a 30' stack was chosen as a worst-case stack height.
Good practice stack height is 1.5 times the building height to prevent building downwash. The average stack height to building height ratio was 1.51. Since the building height was chosen to be 25', a stack height of 1.5 × 25' = 40' (rounded up to the nearest tens of feet) was chosen for good practice/typical stack height.
In summary, based on the above information, it was decided that 2 cases would be modeled: a worst-case stack with height 30 feet; and good practice/typical stack with height 40 feet. Both stacks would have diameter 1 ft, flow rate 2500 ft 3 /min, and resulting velocity 53 ft/sec. The stacks were placed at the center of the building at (0,0). The stacks were modeled as point sources exiting vertically. From the data summary, virtually all stacks for which information was available exited vertically. In only isolated cases (4) was there a stack that was capped or exited horizontally.
For the case with worst-case stack height, building downwash needed to be considered. BPIP (Building Profile Input Program) was used to calculate values needed as inputs to the building downwash algorithm.
Building Dimensions and Configurations
Figures 7-9 summarize building height, length, and width values from the database. 48% of buildings have a height between 20 -30 ft, with an average height of 27 feet. The histogram peaks for both building length and width occur in the 0 -50 ft category, representing 23% and 31% of facilities, respectively. Of the buildings with dimensions that fall in the 0 -50 foot range, the average building lengths and widths are 28.5 ft and 25.3 ft, respectively.
A previous TCEQ study showed that worst case downwash occurs when all three building dimensions are equal. Instead of modeling a cubic building, we modeled a cylindrical building with equal diameter and height, so that the projected length/width of the building is the same in all directions. Based on the database building dimension information, a circular building 25' in diameter with 25' height was chosen for modeling. Table 2 summarizes emission release configuration information obtained from the database.
Together, the one stack/no fugitives and one stack with fugitives configurations represent 52% (78 of 151) of the facilities in the database for which building configuration information was available.
Two of the facilities in the table above with 2 or more stacks also had ovens. Since no facilities with one stack had ovens, and only 2 facilities with 2 or more stacks had ovens, modeling a separate building configuration with an oven stack was not warranted. Based on information from Table 2 , 2 emission release configurations were chosen for modeling: a building with one stack, and the same building with fugitives.
Hours of Operation
As shown in Figure 10 , 44% of facilities are permitted to operate 24 hours a day. Another 20% of facilities operate 6 -9 hours a day, representing the histogram category with the second highest peak. Within the 6 -9-hour category, most of the facilities operate 8 hours. Thus, both 24-hour and 8-hour operating scenarios were chosen for modeling.
Distance to Property Line and Nearest Off-Site
Receptor As shown in Figure 11 , only 14% of facilities have a distance to the property line 50 feet or less. Almost a third of facilities have a distance to the property line in the range >50 -100. These distances could be used in conjunction with dispersion modeling output, discussed later, to determine whether health impacts are likely to occur past the property line.
As shown in Figure 12 , 28% of facilities have a distance to the nearest off-site receptor of 250 ft. Almost a third of facilities have a distance to the nearest off-site receptor >250 -500 ft. These distances could be used in conjunction with dispersion modeling output to determine whether health impacts are likely to occur at nearby receptors. Tables 3 and 4 summarize spray type and object shape information obtained from the database. This information was used in the emission calculations discussed in the next section. drying booth and drying oven heat input values, respectively. Only 1 time on conveyer value was available (0.5 min), and only 3 time in oven values were available (90 min, 180 min, and 180 min). This information was used in the emission calculations discussed later. Only one time on conveyor value was available from the database (0.5 min), and only 3 time in oven values were available (90 min, 180 min, and 180 min). Figures 18-20 summarize parameters related to filters used to control particulate emissions: minimum face velocity, dry filter efficiency, and dry filter face velocity. In addition, 6 facilities are shown in the database as using water wash/wet scrubber systems. This information was used in the emission calculations discussed later. emission calculations. Table 5 shows the 20 components used at the most facilities. As shown, xylene is the component used at the most facilities. 
Spray Information
Control Information
Maximum VOC Emission Rates
Of the 199 coating/solvent components identified in the database, the 21 chemicals with the maximum ratios of emissions to short-term (1-hour) effect screening levels (ESLs) are shown in Table 6 . These are likely to be the 
Dispersion Modeling Results
Pollution Concentration Isopleths
Dispersion modeling was conducted for the 3 configurations (worst-case stack height, good practice stack height, and fugitive emissions), for urban and rural dispersion parameters, for 8-hour and 24-hour operating scenarios, and for 1-hour, 24-hour, and annual averaging times, for a total of 2 × 3 × 2 × 3 = 36 scenarios. All 36 concentration isopleths are available from the authors. The impact of building configuration, averaging time, operating scenario, and rural vs. urban terrain on groundlevel concentrations are discussed below.
Building configuration. As expected, the worst-case stack produced higher ground-level concentrations than the good practice stack. The fugitive configuration produced higher ground-level concentrations than either stack configuration, most likely because the fugitive source is located nearer the ground.
Averaging time. As expected, 1-hour average concentrations were higher than 24-hour average concentrations, which were in turn higher than annual average concentrations. Variations in wind direction produce lower concentrations as averaging time increases.
Operating scenario. The 24-hour operating scenario gave higher concentrations than the 8-hour operating scenario for the worst-case stack; for the good-practice stack and fugitive building configurations, however, both operating scenarios produced the same concentrations. The fact that the 8-hour and 24-hour operating scenarios produced the same concentrations indicates that meteorological conditions producing worst-case concentrations occurred from 8 a.m.-4 p.m., during 8-hour operation. We believe that the 8-hour and 24-hour operating scenarios gave different concentrations for the worst-case stack configuration because this was the only configuration for which the building downwash program BPIP was run. Rural vs. urban terrain. For the stack configurations, at some receptor locations u ban dispersion parameters r gave higher concentrations, and in some cases rural gave higher. For the fugitive configuration, rural dispersion parameters gave higher concentrations. When worst-case stack concentrations were added to fugitive concentrations, rural dispersion parameters gave higher maximum values for each pollutant, as shown in Table 7 . However, when good-practice stack concentrations were added to fugitive concentrations, urban dispersion parameters gave higher maximum values for each pollutant.
Coating Component Species Warranting
Further Review To determine which pollutants would warrant a more indepth health impacts evaluation, pollutant specific emission rates (E) and effects screening levels (ESLs) were applied in the form of E/ESL on a source-by-source basis to the unit concentration at each receptor; then the contribution from each source at each receptor was summed. In other words, the following sum was evaluated for each chemical species i at each receptor location j:
where C j paintbooth max is the maximum modeled 1-hour concentration for the worst-case or good-practice stack configuration at receptor location j.
C j fugitives max is the maximum modeled 1-hour concentration for the fugitive configuration at receptor location j.
ESL i is the short-term (1-hour) effect screening level for pollutant i, E i paintbooth is the maximum stack emission of pollutant i, E i conveyor is the maximum fugitive emission of pollutant i.
Only concentrations for the 1-hour averaging time were included in the SUM, to correspond to the 1-hour averaging time of the short-term ESLs. Although TCEQ also provides long-term (annual) effect screening levels, short-term ESLs generally result in more stringent permit limits than long-term ESLs. Thus, only short-term ESLs were considered. Concentrations were calculated for both urban and rural dispersion parameters, because depending on the receptor location, either could be higher for the stack configurations. SUMS were calculated for all 360 receptor locations. If SUM < 1 is for a given species for all receptor locations, that pollutant would not warrant in-depth health review. For those pollutants where SUM > 1, further analysis may be required through pollutant specific modeling analyses. Table 7 lists maximum SUM values for the 108 (out of 181) pollutants with SUM > 1 for the worst-case stack + fugitives for the 24-hour operation scenario for rural and urban dispersion parameters, as well as the 8-hour operation scenario for rural dispersion parameters is also presented for comparison. Table 8 lists the maximum SUM values for the good-practice stack + fugitives. As seen in Tables 7 and 8 , the worst-case stack + fugitives 24-hour operation scenario with rural dispersion parameters gave the highest concentrations. This was anticipated because worst-case stack gave higher concentrations than the good-practice stack, the 24-hour operation scenario gave higher concentrations than the 8-hour operation scenario for the worst-case stack, and the rural dispersion parameters gave higher fugitive concentrations.
The pollutants listed in Tables 7 and 8 warrant a more in-depth health impacts evaluation.
Summary
A database was developed using 286 TCEQ permit files authorizing surface coating facilities in Texas during 2006 and 2007. The database includes information important for estimating emission rates, and for using as dispersion model inputs.
Hourly and annual emissions of volatile organic compounds (VOCs), particulate matter (PM), and exempt solvents (ES) were calculated for each permitted entity/ company in the database, according to equations given by TCEQ. Dispersion modeling was then conducted for 3 facility configurations (worst-case stack height, good practice stack height, and fugitive emissions), for urban and rural dispersion parameters, for 8-hour and 24-hour operating scenarios, and for 1-hour, 24-hour, and annual averaging times, for a total of 36 scenarios. The highest modeled concentrations were for the worst-case stack height, rural dispersion parameters, 24-hour operation scenario, and 1-hour averaging time. 108 specific chemical species, which are components of surface coatings, were identified as candidates for further health impacts review.
